Urban development can fragment and degrade habitat, and such habitat alterations can have profound effects on wildlife, including influencing population genetics. We used nine microsatellite loci to determine the effects of urbanization on genetic diversity and genetic structure in a native small mammal, Merriam's kangaroo rat, in areas in and around Las Cruces, NM, an expanding low density urban center. We found that Merriam's kangaroo rats in urban areas had increased genetic differentiation among populations as compared to wildland animals, and detected some evidence of lower genetic diversity in urban areas, indicating that the population genetics of a common and abundant wildlife species can be impacted by low density urbanization. Our results suggest that although abundant and common wildlife such as Merriam's kangaroo rats may persist in urban environments, these animals may still be influenced by more subtle effects of urbanization, such as genetic isolation.
Introduction
Urban development fragments habitats via roads, houses, and buildings; such fragmentation can increase isolation of remnant habitats and wildlife populations. Isolated wildlife populations inhabiting habitat fragments may experience a decrease in genetic diversity within populations, and an increase in genetic differentiation among populations (Keyghobadi 2007) . Genetic diversity is important for future population viability, particularly in the face of environmental change (Reed and Frankham 2003; Frankham 2005; Lourenco et al. 2017 ). In addition, small populations may experience magnified effects of genetic drift and reduced gene flow (Segelbacher et al. 2003; Reed and Hobbs 2004; Frankham 2005; Keely et al. 2015) . In extreme cases, genetic drift, reduced gene flow, and small population size can lead to inbreeding depression (Keller and Waller 2002; Reed and Frankham 2003; Frankham 2005; Lourenco et al. 2017) .
Urbanization has been shown to affect genetic structure in a variety of species, including mesocarnivores, small mammals, birds, non-avian reptiles, and amphibians (Riley et al. 2006; Delaney et al. 2010; Munshi-South and Kharchenko 2010; Noël and Lapointe 2010; Santonastaso et al. 2012; Munshi-South et al. 2013) . Specifically, high levels of urban development have been correlated with decreased genetic diversity, increased genetic structure, and decreased gene flow in terrestrial animals (Riley et al. 2006; Magle et al. 2010; Munshi-South and Kharchenko 2010; Munshi-South et al. 2013) . For example, populations of Stephen's kangaroo rats (Dipodomys stephensi) in southern California, white-footed mice (Peromyscus leucopus) in New York City, and black-tailed prairie dogs (Cynomys ludovicianus) in Denver, Colorado all exhibited increased population genetic structure in urban areas as compared to populations in wildland areas (McClenaghan and Truesdale 2002; Magle et al. 2010; Munshi-South et al. 2016 ). In addition, white-footed mouse populations demonstrated decreased genetic diversity (Munshi-South et al. 2016) , and black-tailed prairie dog colonies demonstrated reduced movement rates between urban colonies (Magle et al. 2010) . Most of these studies have been conducted in highly urbanized areas, consistent with trends across the field of urban ecology; a recent review found that 85% of urban ecology research was conducted in high density urban areas, such as Phoenix, AZ (Magle et al. 2012) . Studies of genetic structure in suburban, low density or newly urbanized sites are less common. However, in the few studies that have been conducted in less-intensely urbanized areas, genetic structure has been detected: suburban Japanese field mice (Apodemus speciosus) populations were found to have significant genetic differentiation as compared to wildland populations (Hirota et al. 2004) , and across an urbanization gradient, striped field mice (Apodemus agrarius) in the most urbanized areas demonstrated significant genetic structuring as compared to suburban populations (Gortat et al. 2015) .
Despite the paucity of studies in low density urban areas, the importance of such areas for landscape conservation and management has been recognized (Theobald 2001) . These landscapes are thought to be important for wildlife, both as habitat and as stepping stones between undeveloped lands and highly urbanized environments (Magle et al. 2012) . With the continuous low density urban expansion characteristic of the southwestern and southeastern United States (Theobald 2005) , it is imperative to understand how animals are influenced by such urban expansion. Of equal importance is the evaluation of the potential impact of such low density urbanization on wildlife population genetics. We investigated the effects of rapidly expanding low density urbanization on genetic diversity, genetic structure and gene flow in Merriam's kangaroo rats (Dipodomys merriami). We predicted that kangaroo rat populations in low density urban sites would have lower genetic diversity, increased genetic structure, and less gene flow among sites than animals living in wildland areas.
Methods

Study species
Kangaroo rats (genus Dipodomys) are common throughout the deserts and grasslands of the western and southwestern United States (Kennedy and Schnell 1978; Sullivan and Best 1997) . We focused on Merriam's kangaroo rat (D. merriami), a granivorous Heteromyid rodent that is abundant and found in desert scrub habitats in both wildland and urban environments across the southwestern United States (Germaine et al. 2001; DaVanon et al. 2016; Hurtado and Mabry 2017) . However, to date relatively few studies have capitalized on D. merriami as a study organism for evaluating the impacts of rapidly growing low density urban development on wildlife population genetics.
Study area
This study was conducted in and around the City of Las Cruces, New Mexico, USA (32° 19′ 35.7414″, − 106° 46′ 31.569″). Las Cruces is a small city that has grown rapidly in recent decades, with a human population that increased by more than 35% from 2000 to 2014 (from 74,267 to 101,408; U.S. Census Bureau 2015). The city encompasses several urban parks and open spaces that retain natural vegetation but are surrounded by paved roads, homes, and businesses. The city is surrounded by undeveloped desert areas, which are primarily managed by the U.S. Bureau of Land Management.
We established 10 study sites in both urban (n = 5 within Las Cruces city limits) and wildland environments (n = 5 on federal and state properties surrounding Las Cruces; Fig. 1 ). All sites were large enough to accommodate a 100 m by 100 m live-trapping grid, contained similar native vegetation, and similarly composed soils (Hurtado 2017; Hurtado and Mabry 2017) . Wildland sites were located at least 500 m from paved roads, and all study sites were at least 1 km from other sites (Hurtado and Mabry 2017) . We quantified the proportion impervious surface (i.e. roads, cement, and buildings) within 500 m of the center of each site using Landsat Thematic Mapper (LTM) imagery and a modified Normalized Difference Vegetation Index (NDVI) to create an urbanization index which we used as a proxy for urbanization (NASA Earth Observatory 2016; Yuan and Bauer 2007; Song et al. 2016) . A strong correlation between the number of buildings at a site and the urbanization index indicated that this index was a good measure of urbanization (Hurtado and Mabry 2017) . All processing was conducted in ArcGIS 10.1 (ESRI, Environmental Systems Research Institute 2012 Redlands, California). We selected study sites that were as similar as possible in all aspects other than the level of surrounding human development and proportion of impervious surface. There were no differences in vegetative cover (percent cover by shrubs, forbs, grass, litter, bare ground, or rock) between urban and wildland sites, but the urbanization index for urban sites was approximately an order of magnitude larger (mean ± 1 SE = 0.33 ± 0.01) than that of wildland sites (0.03 ± 0.01; Hurtado 2017).
Live trapping
Merriam's kangaroo rats were live trapped over three years, May to November 2013, June to September 2014, and May to October 2015. Trapping methods follow those reported in Hurtado and Mabry (2017) . In 2013, traps were set in a 10 × 10 grid with 10 m spacing between traps. In 2014 and 2015, traps were set within the bounds of the 1 ha trapping grids used in 2013, but traps were placed along kangaroo rat trails and outside burrows so as to maximize capture success. Due to possible reduced trappability on moonlit nights, Merriam's kangaroo rats were trapped only during the 6 days before and after the new moon. Sherman live traps (model XLKGDT with short doors to avoid catching the long tails of Merriam's kangaroo rats; H.B. Sherman Co., Tallahassee, FL) were used in this study. Traps were baited with a millet-sunflower seed mixture and placed under vegetation before sunset, to protect animals from direct sunlight. Traps were checked between 01:00 and 08:00 h; traps were checked earlier in the morning at sites that had high human visitation, or on cold nights (projected to be below 4.5 °C). In urban areas, traps were removed daily, replaced, and reset before sunset. In wildlands, traps were checked, closed, and left in place during the day. Each captured Merriam's kangaroo rat was uniquely marked with numbered Monel ear tags (National Band and Tag, Newport, KY), and standard data were recorded (e.g. sex, reproductive condition, foot length, mass), and tissue samples collected (ear snip) before release at the site of capture. Tissue samples were placed in individually labeled 2 mL tubes that were put on ice while in the field and then transferred to a − 20 °C freezer in the laboratory until processing. All research procedures were consistent with the guidelines of the American Society of Mammalogists (Sikes et al. 2011) and conducted under an approved New Mexico State University IACUC protocol (protocol 2013-014) ; no permits were required from the New Mexico Department of Game and Fish.
DNA extraction and microsatellite development
Total genomic DNA was extracted using the DNeasy Blood and Tissue kit (QIAGEN, Hilden, Germany), following the manufacturer's protocol. We quantified DNA concentration using a Nanodrop spectrophotometer. Previously published microsatellites that were developed for other Dipodomys species (Vega et al. 2007; Meshriy et al. 2011) failed to amplify well for Merriam's kangaroo rat (L.K. Howard, unpublished data). Therefore, species-specific microsatellites for Merriam's kangaroo rat were developed by the University of Georgia Savannah River Ecological Laboratory (SREL) genetics laboratory. We then screened 48 of the newly-identified microsatellites for amplification and variability in our lab, using DNA from 16 Merriam's kangaroo rats. We then selected the most highly-variable loci, all of which had repeat units of 4-6 nucleotides, and ordered fluorescently-labeled primers to conduct genotyping of all samples.
Microsatellite amplification
For each sample, we amplified 11 microsatellite loci in individual 12.5 µL PCR reactions containing 0.5 µ of each primer (with a fluorescent label on the 5′ end of each forward primer), 10 mM 10× AmpliTaq Gold buffer, 0.15 mM deoxynuclecoside triphosphates (Invitrogen), 0.1 units of Taq (AmpliTaq Gold, Applied Biosystems), 25.0 µg/mL bovine serum albumin, a locus-specific amount of MgCl 2 (Table 1) , nuclease-free water, and 1 µL of template DNA (mean concentration ± 1 SE: 24.88 ± 2.98 ng/µL). PCRs were conducted on a BIO-RAD C1000 Thermal Cycler (Hercules, California) with an initial denaturation at 94.0 °C for 540 s, followed by 40 cycles of 94.0 °C for 30 s, a locus-specific annealing temperature for 30 s (decrementing by 0.1 °C each cycle), 72 °C for 30 s, then 30 cycles of 94.0° for 30 s, six degrees below the locus-specific annealing temperature for 30 s, 72.0° for 30 s, and a final extension step of 72.0 °C for 420 s. PCR products were combined into 3 sets with LIZ 500 size standard (Applied Biosystems), and fragment analysis was conducted on an Applied Biosystems 3130xL Genetic Analyzer. We used GeneMapper v. 4 (Thermo Fisher Scientific, Waltham, MA) to score alleles and Flexibin to bin alleles into discrete size categories (Amos et al. 2007 ).
Analysis of genetic diversity and population genetic structure
We used GenAlEx (ver. 6.503, Peakall and Smouse 2012) to characterize allelic diversity at each locus, including the number of unique alleles and observed and expected heterozygosity across study sites (Table 1) . We also determined the number of alleles, private alleles, effective alleles, and observed and expected heterozygosity across all loci for each site, and compared the values for all of these variables between urban and wildland sites using non-parametric Wilcoxon rank sums tests.
To evaluate population genetic structure, we initially used GenAlEx 6.5 (Peakall and Smouse 2012) to calculate pairwise Fst and Nei's G'st, and to determine P-values for each pair-wise comparison, using 9999 permutations. We then applied a false discovery rate (FDR; Benjamini and Hochberg 1995) of 0.1 to assess the statistical significance of the resulting 45 pair-wise comparisons. We used the program Structure (which uses Bayesian assignment to infer population clusters; Hubisz et al. 2009; Pritchard et al. 2000) , and Structure Harvester to determine the most likely number of genetic clusters (K), using the Evanno method (Evanno et al. 2005) . Initial analyses did not indicate a strong effect of variation in sample size among sites on the number of clusters identified by Structure; analyses that included either all 212 genotyped animals (with 9-35 samples/site), or a reduced data set from which individuals were randomly removed from more thoroughly sampled sites until n = 19 (yielding 9-19 samples/site and a total n = 169) yielded similar results, and we present results from the analysis of the full data set. We conducted Structure analyses using values of K from 1 to 15, the admixed ancestry model, correlated allele frequencies, a burnin of 100,000 followed by 1,000,000 MCMC iterations, with 10 runs for each value of K. To refine estimates of cluster membership for each sample, we then conducted a longer Structure run for the single most-likely value of K, with all parameters as above, but increasing the number of MCMC iterations to 5,000,000. We also used the program Geneland (Guillot et al. 2005; Guillot and Santos 2009) , which incorporates spatial information into a Bayesian clustering algorithm to determine the number of genetic clusters present. As in the Structure analysis, we found that both the full dataset and a reduced dataset with more even sampling across sites yielded similar results, and we present results from the full dataset. In Geneland, we used the spatial model with correlated allele frequencies, location uncertainty of 25 m, K of 1 to 15, 1,000,000 MCMC iterations, thinning every 1000 iterations, with 10 runs per value of K. We then post-processed with a secondary burn-in of 500. After the first set of Geneland runs to identify the most likely Table 1 Primer sequences, descriptive information, and PCR conditions for the 11 microsatellite loci that were developed for use in this study number of genetic clusters, we conducted another model run which used the same parameters as above, but only for the most likely value of K, and increasing the number of MCMC repetitions to 5,000,000. This final Geneland run refined our estimates of proportional membership of each individual to each identified genetic cluster.
Assignment tests
To indirectly evaluate potential migration (gene flow) between sites, and to further evaluate population structuring between sites, we conducted an assignment test in GenAlEx, using the leave one out option. All ten populations and all 212 individuals were used in the assignment test.
Isolation by distance
We used a Mantel test to evaluate the relationship between geographic distance and genetic distance among populations. We used GenAlEx to create matrices for genetic and geographic distance, with one set of matrices that included all populations, and separate matrices for urban and wildland populations; we then ran Mantel tests with 999 permutations in R 3.1.2 (R Development Core Team 2016), using the package ada4 version 1.7-6 (Chessel et al. 2002) .
Results
Genetic diversity
Two microsatellite loci were dropped from analysis due to both linkage disequilibrium and non-conformance to Hardy-Weinberg equilibrium (DIME 30 and DIME 10); both loci were linked to DIME 4. The remaining 9 polymorphic microsatellite loci were used in all analyses. The overall mean number of alleles per locus was 14.22 ± 0.85 (mean ± 1 SE, range 10-18). The mean number of alleles per locus in urban sites was 7.44 ± 0.18, which was slightly lower than the value for wildland sites: 8.69 ± 0.55 (Table 2; Wilcoxon rank sums test, W = 3.5, P = 0.07). Private alleles were detected in all 5 urban sites, and in 3 out of 5 wildland sites (Table 2 ). No statistical difference was found in the number of private alleles between urban and wildland sites (Wilcoxon rank sums test, W = 12.5, P = 1.00). The mean number of effective alleles per site was higher in wildland sites (5.71 ± 0.17) than urban sites (4.52 ± 0.11; Wilcoxon rank sums test, W = 0, P = 0.008). Observed heterozygosity was not different between urban and wildland sites (Wilcoxon rank sums test, W = 13.5, P = 0.92), but expected heterozygosity was higher in wildland sites (Wilcoxon rank sums test, W = 1.5, P = 0.03).
Population structure
Results of Fst and G'st analyses were similar; we report Fst results here. Pair-wise Fst indicated that each urban site was genetically dissimilar from all other sites (both urban and wildland), while wildland sites did not generally appear to be significantly differentiated from each other, with the exception of site W.LA (Table 3 ). The Δ(K) method implemented in Structure Harvester analysis indicated that the most likely value of K was 4 (Fig. 2) . However, there was no clear evidence of distinct population clusters (Fig. 3) ; most individuals were assigned some proportional membership to all 4 clusters, suggesting a lack of strong genetic structure. In contrast to the Structure analysis, Geneland detected evidence of genetic structure, inferring eight clusters (Fig. 4 ). There were 6 clusters that were predominantly associated with a single sampling site; one for each of 5 urban sites, and for a single wildland site, W.LA (Fig. 4) . The 2 remaining genetic clusters (2, 5) represented the other 4 wildland sites (Fig. 4) . These results are consistent with those from the Fst analysis.
A Mantel test examining all sites (urban and wildland) indicated that there was no correlation between geographic distance and genetic distance among populations (r = 0.263, P = 0.47). Similarly, separate Mantel tests for urban and wildland populations did not detect a statistically significant relationship that would be consistent with isolation-bydistance (urban: r = 0.07, P = 0.26; wildland: r = − 0.584, P = 0.83).
Population assignment
Success at assigning individuals to their population of capture ranged from 0 to 90.3% (Table 4) . For urban sites, individuals were assigned to their population of capture on average in 72% of cases (range 57.2 to 90.3%). In contrast, in wildland sites, individuals were assigned to their population of capture much less frequently: on average, 27.7% of the time (range 0 to 54.3%). Urban sites had a high correct assignment rate and few animals assigned to other populations. Wildland sites had a low correct assignment rate and many animals were assigned to other populations.
Discussion
We found strong evidence of genetic structure among Merriam's kangaroo rats living in urban sites, although the differences in genetic diversity between urban and wildland populations were somewhat less clear. Results indicated that there was reduced gene flow among urban sites, these results support the hypothesis that rapidly-growing low density urbanization has influenced genetic structure of Merriam's kangaroo rat over a very short time scale. Our results are especially striking given that the average age of urban development near our urban study sites was just over 20 years, indicating that relatively new, low density urbanization may affect population genetics and gene flow, even in species that are abundant in urban areas. Consideration of the effects of low density urban development on the population genetics of wild animals is of particular importance if management and conservation strategies view these low density areas as potential wildlife habitat in higher urban density areas, or as stepping stones from adjacent wildlands into high density urban areas (Theobald 2001; Magle et al. 2012) .
We used multiple methods to assess genetic structure in Merriam's kangaroo rats, including a straightforward comparison of pair-wise Fst among sampling sites, and Bayesian clustering algorithms implemented in Structure and Geneland. These methods yielded differing results: Structure detected genetic clustering, but the clusters did not align with our sampling sites. In contrast, both Geneland and Fst comparisons indicated that kangaroo rats from all 5 urban sites and 1 of the wildland sites were genetically distinct from those sampled at the other 4 wildland sites. The inclusion of spatial information in Geneland yields increased power to detect low-level genetic structuring (Guillot 2008; François and Durand 2010) ; interestingly, Fst analysis also inherently incorporates spatial information (because populations are pre-defined), although it does not include the relative spatial positions and distances between sampling sites. On average, our wildland sampling sites were not closer together than our urban sites (Fig. 1) , and some wildland sites were much closer to urban sites than they were to other wildland sites (e.g., W.SS is much closer to U.DACC and U.DT than any other sites, yet is not genetically similar; Fig. 1) . Along with the lack of evidence of isolation-bydistance, these results suggest that urbanization rather than distance per se is responsible for the patterns of genetic structure that we observed.
However, despite the detection of genetic structure, we did not detect substantial differences in genetic diversity between urban and wildland sampling sites. Wildland sites had a higher number of effective alleles, higher expected heterozygosity, and a slightly higher number of alleles/locus, but the number of private alleles and observed heterozygosity were similar between urbanization classes (Table 2) . Taken together, these results suggest that in the relatively short time that our low-density urban sites have been developed (~ 20 years), gene flow among urban populations has been reduced, but substantial genetic diversity has not yet been lost. However, lower numbers of effective alleles per locus in urban sites may suggest that the expected loss of genetic diversity with increasing urbanization has begun. Re-sampling kangaroo rat genetic diversity at this sites 10-20 years in the future would provide a test of this prediction, assuming that sampling sites remain intact; site U.AH was developed shortly after field collections for this study were complete.
In summary, our results show that the population genetic structure of a common native rodent has been affected by rapidly growing low density urban areas, the most rapidly growing type of urban development in the nation (Theobald 2005) . Results such as ours potentially indicate that other common species may also be impacted by low density urban development across the landscape. Further, rarer (i.e. threatened and endangered) or more isolated wildlife may face more issues in urbanizing environments due to genetic drift and reduced gene flow (Reed and Hobbs 2004; Keely et al. 2015) . This should be of concern to managers and conservation planners. More research on the impacts of low density urban areas on wildlife, and on the development and management of urban green spaces (with native vegetation) specifically designed for wildlife connectivity and gene flow is needed.
